Abstract:
The recirculation fraction of intramyocardial Ca 2ϩ (RF) has conventionally been obtained from the monotonic decay of postextrasystolic potentiation (PESP). The used assumption is that the decay is exponential. However, we have found that PESP usually decays in alternans even at spontaneous heart rates (Ͼ100 beats/min) in excised, cross-circulated canine heart preparations under normal coronary perfusion and normothermia. We have already devised a means of extracting the exponential decay component for RF calculation by subtracting the oscillatory component from the alternans PESP decay by a curve-fitting method. Using mathematics, we assessed the possible error in estimated RF when an exponential curve was naively fit to the alternans PESP decay. We obtained results showing that the exponential assumption may considerably underestimate RF even when the alternans is trivial with the oscillatory component of only 10% of the exponential component. [The Japanese Journal of Physiology 53: [89] [90] [91] [92] [93] [94] [95] [96] 2003] this end, we mathematically generated alternans decays of different magnitudes by superimposing an oscillatory decay component of a variable magnitude on a purely exponential PESP decay of a constant magnitude. Here, we chose the magnitude of the oscillatory component by referencing data observed in our previous studies [1, 2, 7-12, 17, 18] . We then compared RF values obtained by both exponential and alternans curve fittings. We also compared them with that obtained by the conventional slope method [13] . We obtained results that both the exponential curve fitting and the slope method yield incorrect RF values that were variably and considerably smaller than the correct RF values obtainable by alternans curve fitting.
METHODS
Curve fitting. As the fitting equation for the simulated alternans PESP, we used the following empirical equation [8] in this study.
where K is ventricular contractility normalized to the steady-state contractility of the regular beats before and after the PESP, and n is the ordinal number of the PESP beats from the 1st to 6th beat. Equation 1 consists of two exponentially decaying components plus unity as the third component. The first term is a monotonically decaying exponential component. The second term is an exponential component with an oscillatory decay. Coefficients a and b are the amplitude constants of the exponential and oscillatory decay components of the first PESP beat [1, 2, 17, 18] . Coefficients a and b were also normalized relative to the regular-beat contractility level. The last term means the normalized steady-state contractility level of the regular beats per se.
Denominator e is the beat constant of the exponential decay of the exponential component of PESP [1, 2, 17, 18] . Denominator s is the beat constant of the exponential decay of the oscillatory decay component of PESP. e and s were expressed as number of PESP beats, but not in seconds (s). Therefore, we have decided to call e and s beat constants instead of time constants [1, 2, 17, 18] . However, conversion between the beat and time constants is simple. Time constant(s) is equal to the product of beat constant (beats) and beat interval (s/beat).
Equation 1Ј is a modification of an empirical equation we obtained and have used consistently in our previous studies [1, 2, 7-12, 17, 18] :
Equations 1 and 1Ј are equivalent to each other because cos[(nϪ1)] in Eq. 1Ј equals (Ϫ1) nϪ1 at the ordinal numbers (nϭ1, 2, . . . , 6) of the PESP beats. cos[(nϪ1)] is nothing but either 1 at nϭodd integers or Ϫ1 at nϭeven integers [8] . We need the normalized contractility only at the ordinal numbers of the PESP beats, and not the other parts [8] .
As the conventional fitting curve, we used the following.
Equation 2 has conventionally been fitted to the monotonic decay of PESP [13, 19] . This is nothing but the first term of Eq. 1. Here, K is also ventricular contractility normalized to the steady-state regularbeat contractility before and after PESP; coefficient a is the amplitude constant of the first PESP beat, n is the ordinal number of the 1st through 6th PESP beats, and e is the beat constant of the exponential decay of PESP. The last term means the normalized steadystate contractility level of regular beats. Coefficient a was also normalized relative to regular-beat contractility.
One can calculate RF as exp(Ϫ1/ e ) [13, 19] , where numerator 1 means one beat, and hence 1/ e is a dimensionless (beat/beat) fraction of one beat interval relative to e in the number of beats. Therefore, RFϭ exp(Ϫ1/ e ) indicates the decremental ratio (dimensionless) of PESP in each beat toward the steady-state Postextrasystolic beats (PES 1-6): 1st through 6th beats of PESP in the isovolumic left ventricle of one excised, cross-circulated canine heart under normothermia and normal coronary perfusion. LVP, left ventricular pressure. Para-Hisian pacing was made at 500 ms regular beat (R) intervals except for the extrasystolic beat (ES) interval (300 ms in both A and B) and the first postextrasystolic beat interval (700 ms, i.e., a compensatory pause CP in A, and a 500 ms, no compensatory pause in B).
contractility level of regular beats.
To simulate the empirically observed alternans PESPs and compare the RF values calculated by fitting Eqs. 1 and 2 to the same alternans decay of PESP, we mathematically produced PESP decays with a varying magnitude of alternans using Eq. 1. Here, we used aϭ0.5, e ϭ2, and s ϭ0.8 as the representative values for regular beat intervals of 400-600 ms and extrasystolic beat intervals of 300-400 ms in our previous observations [11, 12, 17] . Furthermore, we increased b from 0 in steps of 0.1 and stopped it at 0.5 (ϭa) although our previous observations have shown that alternans PESPs obviously have bՆa [11, 12, 17] . In other words, PESPs with bϾa appeared so obvious that no one would dare to fit an exponential curve to it. Then, we fitted Eq. 1 to every simulated PESP decay with the preset, and hence known values for a, b, e , and s , and obtained best-fit a and e values of Eq. 2. We used DeltaGraph 4.5 (SPSS Japan Inc.) for least-squares fitting on a computer. We confirmed that the least-squares fitting of Eq. 1 yielded the same best-fit a and e values as their preset values for Eq. 1. We then calculated RF values from both the preset and best-fit e values by RFϭexp(Ϫ1/ e ) and compared them.
Slope method. We also used the conventional method that has been preferably used to obtain RF from the monotonic PESP decay; namely, the slope method [13] . This method obtains RF as the slope of the regression line drawn through a set of contractility data during a PESP. Here, contractility of the (nϩ1) PESP beat is plotted against that of n beats over nϭ1-5. The slope of the line drawn through these plots and one regular-beat plot (i.e., at 1 vs. 1; in other words, linear regression lines must pass through the origin of the coordinate axes) represents the RF [13] . We also used DeltaGraph 4.5 for the slope method. Figure 2 shows a representative set of the simulated alternans PESP decays in addition to one purely exponential case (bϭ0). Here, we fixed aϭ0.5 (dimensionless), e ϭ2, and s ϭ0.8. We increased b from 0 to 0.5 in steps of 0.1 (dimensionless). The decay did not appear to alternate for bϭ0.1-0.3, but deviated obviously from the exponential. The decay was obviously alternated for bϭ0.4 and 0.5. Figure 3 shows the same simulated alternans PESP decay (dashed) as the case with bϭ0.5 in Fig. 2 . Its exponential component curve (1st term of Eq. 1, thin solid curve) and the best-fit exponential curve (Eq. 2, thick solid curve) to the alternans decay are also shown. The best-fit (thick solid) exponential curve decayed much faster with a much smaller beat constant than the preset exponential curve (thin solid curve). Moreover, the best-fit (thick solid) exponential curve started from the contractility of the first PESP beat, although the preset exponential curve occupied only half of this contractility. In other words, the best-fit exponential curve completely neglected the consider-Error in Calcium Recirculation Fraction able oscillatory component that corresponded to the difference between the alternans (dashed) and preset exponential (thin solid) curves in the first PESP beat. This is the reason that the best-fit (solid) exponential curve had to fall much more rapidly with a much smaller beat constant than the preset (thin) exponential curve. Figure 4 illustrates that the best-fit a value increased and RF decreased gradually from their preset values (aϭ0.5, RFϭ0.61) as b increased from 0, even to 0.1 and further to 0.5. Simultaneously, the coefficient of determination (r 2 ) of the fitting only slightly decreased from 1 to 0.935.
RESULTS

Curve fitting
We doubled and halved a, b, e , and s , and hence RFϭexp(Ϫ1/ e ) as well, around those used in Figs. 2-4 and repeated the same analyses as above. These ranges largely match with their working ranges in beating hearts in canine normal and failing hearts [1, 2, 7-12, 17, 18] . The results were qualitatively the same as above, though not shown. Namely, the best-fit e , and hence the estimated RF, always became considerably smaller than the preset e and RF as b increased from 0, even to 0.1 (or 20% of a). At bϭ0.1, PESP decay has already started to deviate from exponential without obvious alternans, and its oscillatory component exists definitely like the actual PESP in Fig. 1B and simulated PESP (bϭ0.1) in Fig. 2 . Figure 5 shows a representative set of the correlograms plotting normalized contractilities of the (nϩ1) beats against those of the n beats (nϭ1-5). Here, the preset parameters were the same as those in Figs. 2  and 4 . Namely, e ϭ2 (beats), and hence RFϭ exp(Ϫ1/ e )ϭ0.61 (dimensionless), aϭ0.5 (dimensionless), and s ϭ0.8 (beats). Figure 5 only shows the cases with bϭ0, 0.1, 0.2, and 0.5, skipping bϭ0.3 and 0.4. Figure 5A shows that the RF obtained by the slope method was identical with the preset RF (ϭ0.61) only for bϭ0; namely, in case of the purely exponential decay. Figure 5B shows that the RF obtained by the slope method was 0.50, considerably smaller than the preset 0.61 for bϭ0.1, where the oscillatory component already caused considerable scattering of the first two data plots (PES 1, 2 and PES 2, 
Slope method
DISCUSSION
The most important finding in this theoretical study is that both conventional exponential curve fitting and slope methods applied to the alternans PESP decay always yielded considerably and variably smaller RF than the preset or correct RF (recirculation fraction of intramyocardial Ca 2ϩ ). When b (magnitude of the oscillatory component in alternans PESP decay) is relatively small (i.e., bϭ0.1 or 20% of magnitude (a) of the exponential component), the PESP decay still looks monotonic without alternans, though not exponentially (Fig. 2) . However, RF values obtained by both conventional methods are already approximately 10% smaller than the preset RF. This is a serious problem to be recognized by everyone interested in RF.
The predecessors of RF calculation and their successors have limited their use of the conventional methods to only the monotonic or exponential PESP decay [6, 13, 14, 16, [19] [20] [21] . Efforts have been made to produce monotonic or exponential PESP decays by choosing beat intervals during PESP long enough so as to avoid any alternans PESP [5, 13-15, 19-21, 26-28] . We separately confirmed that the alternans PESP decay turned into an apparently monotonic PESP decay as the beat intervals during PESP exceeded 800-1,000 ms (J. Araki et al., unpublished observation). There, the monotonic decay however did not warrant the exponential decay. The alternans became obvious as the beat intervals decreased to 600, 500, and 400 ms by para-Hisian ventricular pacing whether or not a compensatory pause existed [17] . Exceptionally, PESP showed reasonable decay exponentially when an extrasystole interpolated the natural sinus rhythm [23, 25] .
We have been interested in RF at relatively short beat intervals (400-600 ms) that are spontaneous in our reasonably physiological heart preparations of the dog [1, 2, 7-12, 17, 18, 23, 25] . At these physiological beat intervals, RF increases as the beat interval shortens [17] in contrast to the constant RF independent of beat intervals longer than the period of full mechanical restitution [20, 21, 27, 28] . At present, we are not interested in such relatively long beat intervals because we have to obtain RF at the shorter beat intervals we consistently observe in our cardiac mechanoenergetics experiments [7] [8] [9] [10] [11] [12] 22] .
RF sensitively affects the economy of Ca 2ϩ handling in excitation-contraction coupling mainly because the internal Ca 2ϩ handling via sarcoplasmic reticulum (SR) is nominally twice as economical as transsarcolemmal handling [3, 4, 22, 26] . This difference derives from the nominal 2 Ca . We have developed a mechanoenergetic framework for a beating whole heart [22] . Namely, cardiac energetics (or O 2 consumption per beat) is the sum of O 2 demand of total mechanical energy (or crossbridge cycling energy), contractility (or Ca 2ϩ handling energy), and basal metabolism [22] . Using this framework, we can calculate total released and removed Ca 2ϩ (or Ca 2ϩ flux or transport), but not merely free Ca 2ϩ (nor Ca 2ϩ transient), from RF and O 2 consumption for Ca 2ϩ handling [1, 2, 7-12, 17, 18] . To do this, RF must be obtained directly at the actual beat interval either paced or observed in each mechanoenergetic experiment because RF increases as the beat interval shortens under physiological conditions [17] .
With this background, we evaluated the effect of RF errors on the calculated total released Ca 2ϩ as follows. We started with the following equation, which describes the energetics in myocardial Ca 2ϩ handling [ myocardium) is an experimentally measured O 2 consumption for E-C coupling (O 2 consumption for unloaded contraction in excess of basal metabolism divided by heart rate per min) [1, 2, 18, 22] . RF (dimensionless) is a calculated RF whether accurate or inaccurate. N (dimensionless) is the number of futile Ca 2ϩ cycling in excess of the normal one cycle of release and removal [1, 2, 18] . Constant 6 represents the 3 P:1 O atomic, and hence 6 P:O 2 molecular stoichiometry of oxidative phosphorylation [1, 2, 18] . "22,400" is the gas constant to convert VO 2 in ml into mol. The exponential 10 7 converts Ca 2ϩ in mol/100 g into Ca 2ϩ
in mol/kg. (4) The ratio on the left side of the equation normalizes total Ca 2ϩ handling relative to its VO 2 . Its dimensions are (mol/kg)/(ml O 2 /100 g). This ratio serves as a measure of economy of total Ca 2ϩ handling in E-C coupling. Figure 7 shows the effect of RF errors on the calculated total Ca 2ϩ handling normalized to its VO 2 obtained by changing RF and N in Eq. 4. In normal hearts, N can reasonably be assumed to be 0 because SR does not leak to Ca 2ϩ after its initial release in each beat [1, 2, 18] . Then, the calculated total Ca 2ϩ handling sensitively decreases as RF decreases.
As N increases to, for example, 0.5 corresponding to the increasing Ca 2ϩ leakage of SR, the decreasing speed of the calculated total Ca 2ϩ handling with decreasing RF slows. 1ϾN Ͼ0 means that the released Ca 2ϩ is removed and the removed Ca 2ϩ is partially released again within the same beat. At Nϭ1, the calculated total Ca 2ϩ handling is constant regardless of RF. Nϭ1 means that the released Ca 2ϩ is removed and the removed Ca 2ϩ is released once more within the same beat. Above Nϭ1, the calculated total Ca 2ϩ handling rather increases with decreasing RF. N Ͼ1 means that the released Ca 2ϩ is removed and the removed Ca 2ϩ is released, and this release and removal cycle occurs more than once within the same beat.
This :1 ATP stoichiometry of the transsarcolemmal Ca 2ϩ handling, and hence Ca 2ϩ handling economy. In fact, we previously reported that N increased to 1.2 after postischemic stunning and to 1.4 after ryanodine treatment in canine hearts [1, 2, 7, 9, 18] . At these N values, incorrectly underestimated RF values would yield an artifactually higher economy of Ca 2ϩ handling, leading to a serious misunderstanding of the pathophysiology of failing hearts.
Thus, the warning raised in the present study is that RF should be accurately determined in cardiac mechanoenergetics. Otherwise, the Ca 2ϩ handling energetics cannot be interpreted reliably in normal as well as pathological hearts. We are always observing alternans PESP decays in the excised, cross-circulated canine hearts under not only normal, but also pathophysiological conditions (such as ischemic, stunned, ryanodine-treated, BDM-treated, hypo-and hyperthermic, etc.) [1, 2, 7, 9, 10, 18] . Moreover, alternans decay of potentiated contractility has been recognized more recently as a physiological phenomenon in the integrative Ca 2ϩ handling system with a negative feedback, and hence a potential instability [5, 15] . Therefore, RF must be determined accurately as a physiologically significant parameter of such a complex system. That is why we had to use a reliable method to obtain RF from alternans PESP decays.
